Introduction {#sec1}
============

Diabetes mellitus (DM), which is commonly known as diabetes, is a metabolic disease characterized by high blood sugar.[@bib1] DM is caused by the failure to produce enough insulin or the failure to respond to insulin properly. The prevalence of DM over the world is increasing, which has caused a great economic burden. Diabetes is also a major cause of cardiovascular disease, kidney failure, neuropathy, and blindness, which are significant causes of morbidity and mortality in diabetic patients.[@bib2]

It has been also described that diabetes affects bone health. High serum glucose concentrations inhibit the production of bone-formation marker osteocalcin (OCN), which impaired bone formation.[@bib3] Chronic hyperglycemia affects osteoblasts (OBs) maturation by downregulating osteocalcin expression.[@bib4] Diabetes also affects bone microarchitecture by decreasing bone mineral density (BMD), which has been described in type 1 diabetes patients.[@bib5] In a streptozotocin (STZ)-induced diabetic mice model, the growth factors, including insulin-like growth factor 1 (IGF-1) and transforming growth factor β1 (TGF-β1), are differentially expressed, which contributes to decreased bone growth.[@bib6]

MicroRNA has been shown to regulate diabetes. The miR-26 family, which is composed of miR-26a and miR-26b, plays a crucial role in tumorigenesis by targeting critical regulators involved in development, cell cycle, and differentiation. In particular, miR-26a acts as a potent tumor suppressor in the liver, the central organ involved in maintaining glucose and lipid homeostasis.[@bib7] miR-26a-overexpressing/transgenic mice have improved insulin sensitivity, decreased glucose level, and decreased fatty acid synthesis. In contrast, inhibition of miR-26a results in impaired insulin sensitivity and increased glucose level.[@bib7]

miR-26a has been reported to participate in bone metabolism. For instance, miR-26a promotes osteogenic differentiation of unrestricted somatic stem cells isolated from human cord blood.[@bib8] miR-26a could enhance bone regeneration in a mouse osteoporotic model.[@bib9] Moreover, miR-26a mimics could promote osteogenic differentiation in nonunion rats.[@bib10] These findings suggested the potential links between miR-26 and bone metabolism. However, the precise effects of miR-26a on the bone under diabetic conditions remain unknown. In the present study, the effects of miR-26a on bone metabolism in diabetic mice were evaluated.

Results {#sec2}
=======

miR-26a Ameliorated Insulin Resistance and Glucose Tolerance in Diabetic Mice {#sec2.1}
-----------------------------------------------------------------------------

First, we evaluated the effects of miR-26a in STZ-induced diabetic mice. As shown in [Figure 1](#fig1){ref-type="fig"}A, STZ-treated mice had lower body weight compared to control mice. Administration of control microRNA (miRNA) did not affect the body weight of diabetic mice. In contrast, the administration of miR-26a by tail-vein injection resulted in significantly increased body weight in diabetic mice. Diabetic mice had a higher blood glucose level ([Figure 1](#fig1){ref-type="fig"}B), whereas the administration of miR-26a significantly decreased blood glucose levels. In contrast, diabetic mice had a lower blood insulin level ([Figure 1](#fig1){ref-type="fig"}D), whereas administration of miR-26a significantly increased blood insulin level. Furthermore, with the use of a glucose tolerance test (GTT) and insulin tolerance test (ITT), diabetic mice administrated with miR-26a had significantly improved glucose tolerance ([Figure 1](#fig1){ref-type="fig"}C) and insulin sensitivity ([Figure 1](#fig1){ref-type="fig"}E) when compared to control of diabetic mice.Figure 1miR-26a Mimics Prevent Insulin Resistance and Glucose Tolerance in Diabetic Mice(A) Total body weight, (B) blood glucose, (C) GTT, (D) blood insulin, and (E) ITT, performed after 18 weeks of STZ. Data are shown as mean ± SD. n = 8 mice, ∗p \< 0.05; ∗∗p \< 0.01 compared with STZ group.

To confirm further the effect of miR-26a in STZ-induced diabetic mice, we treated the mice with the miR-26a inhibitor (26a inh). The miR-26a inhibitor showed no influence on diabetic mice body weight ([Figure S1](#mmc1){ref-type="supplementary-material"}A), whereas it significantly increased blood glucose concentration ([Figure S1](#mmc1){ref-type="supplementary-material"}B). The miR-26a inhibitor worsened glucose tolerance ([Figure S1](#mmc1){ref-type="supplementary-material"}C) and insulin sensitivity ([Figure S1](#mmc1){ref-type="supplementary-material"}E) in the early stages of GTT and ITT assays, whereas no difference was observed in the late stages ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1E). Moreover, miR-26a significantly suppressed the blood insulin levels in diabetic mice ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Taken together, our data demonstrated that miR-26a ameliorated insulin resistance and glucose tolerance in diabetic mice.

miR-26a Improved Trabecular Bone Microarchitecture in Distal Femora and Cortical Bone Thickness in Diabetic Mice {#sec2.2}
----------------------------------------------------------------------------------------------------------------

Next, we evaluated the effects of miR-26a on bone microarchitecture and bone thickness. Compared to normal mice, diabetic mice had significantly decreased bone volume per tissue volume (BV/TV) ([Figure 2](#fig2){ref-type="fig"}A), trabecular number (Tb.N) ([Figure 2](#fig2){ref-type="fig"}B), trabecular thickness (Tb.Th) ([Figure 2](#fig2){ref-type="fig"}C), and increased trabecular separation (Tb.Sp) ([Figure 2](#fig2){ref-type="fig"}D). Furthermore, diabetic mice had significantly lower cortical bone parameter cortical thickness (Ct.Th) ([Figure 2](#fig2){ref-type="fig"}E) and cortical area (Ct.Ar) ([Figure 2](#fig2){ref-type="fig"}F) when compared to normal mice. The administration of control miRNA did not affect these parameters in diabetic mice. In contrast, miRNA-26a significantly improved bone microarchitecture in diabetic mice by increasing BV/TV ([Figure 2](#fig2){ref-type="fig"}A), Tb.N ([Figure 2](#fig2){ref-type="fig"}B), and Tb.Th ([Figure 2](#fig2){ref-type="fig"}C) and decreasing Tb.Sp ([Figure 2](#fig2){ref-type="fig"}D). In addition, the administration of miRNA-26a significantly increased Ct.Th ([Figure 2](#fig2){ref-type="fig"}E) and Ct.Ar ([Figure 2](#fig2){ref-type="fig"}F) in diabetic mice.Figure 2Effect of miR-26a Mimics on Trabecular Bone Microarchitecture in Distal Femora and Cortical Bone Thickness of Diabetic Mice(A) Bone volume per tissue volume (BV/TV), (B) trabecular number (Tb.N), (C) trabecular thickness (Tb.Th), (D) trabecular separation (Tb.Sp), (E) cortical thickness (Ct.Th), and (F) cortical area (Ct.Th). Data are shown as mean ± SD. n = 8 mice, ∗p \< 0.05; ∗∗p \< 0.01 compared with STZ group.

Again, we explored the effect of 26a inh on diabetic mice. As expected, the miR-26a inhibitor showed the totally opposite effect to miR-26a administration, which is evidenced by decreased BV/TV ([Figure S2](#mmc1){ref-type="supplementary-material"}A), decreased Tb.N ([Figure S2](#mmc1){ref-type="supplementary-material"}B), decreased Tb.Th ([Figure S2](#mmc1){ref-type="supplementary-material"}C), increased Tb.Sp ([Figure S2](#mmc1){ref-type="supplementary-material"}D), decreased cortical bone parameters Ct.Th ([Figure S2](#mmc1){ref-type="supplementary-material"}E), and decreased Ct.Ar ([Figure S2](#mmc1){ref-type="supplementary-material"}F). Collectively, our data demonstrated that miR-26a improved bone microarchitecture bone thickness in diabetic mice.

miR-26a Increased Osteoblasts and Bone Formation and Decreased Osteoclasts in Diabetic Mice {#sec2.3}
-------------------------------------------------------------------------------------------

We continued to evaluate how miR-26a affected bone microarchitecture by conducting the bone histomorphometry. In diabetic mice, the osteoblasts per bone surface (Nob/Bpm) ([Figure 3](#fig3){ref-type="fig"}A), osteoblast surface per bone surface (Obs/Bs) ([Figure 3](#fig3){ref-type="fig"}B), and osteoid surface per bone surface (OS/BS) ([Figure 3](#fig3){ref-type="fig"}C) were remarkably decreased. In contrast, the osteoclasts per bone surface (Noc/BS) ([Figure 3](#fig3){ref-type="fig"}D), osteoclast surface per bone surface (Ocs/BS) ([Figure 3](#fig3){ref-type="fig"}E), and eroded surface per bone surface (ES/BS) ([Figure 3](#fig3){ref-type="fig"}F) in diabetic mice were remarkably increased. Administration of miR-26a significantly increased the Nob/Bpm, Obs/Bs, and OS/BS, whereas it decreased the Noc/BS, Ocs/BS, and ES/BS in diabetic mice. Correspondingly, the diabetic mice had a significantly decreased mineralizing surface (MS/BS) ([Figure 3](#fig3){ref-type="fig"}G), mineral apposition rate (MAR) ([Figure 3](#fig3){ref-type="fig"}H), and bone formation rate (BFR) ([Figure 3](#fig3){ref-type="fig"}I), whereas administration of miR-26a significantly increased these parameters. Therefore, miR-26a increased osteoblasts and bone formation, whereas it decreased osteoclasts in diabetic mice.Figure 3miR-26a Mimics Increased Osteoblasts and Bone Formation and Decreased Osteoclasts in Diabetic Mice(A) Number of osteoblasts per bone surface (NOb/BS), (B) surface covered by osteoblasts (ObS/BS), (C) osteoid surface (OS/BS), (D) osteoclast number per bone surface (NOc/BS), (E) surface covered by osteoclasts (OcS/BS), (F) eroded surface per bone surface (ES/BS), (G) mineralizing surface (MS/BS), (H) mineral apposition rate (MAR), and (I) bone formation rate (BFR/BS). Data are shown as mean ± SD. n = 8 mice, ∗p \< 0.05; ∗∗p \< 0.01 compared with STZ group.

miR-26a Affected Bone Resorption and Formation Marker Expression in Diabetic Mice {#sec2.4}
---------------------------------------------------------------------------------

We continued to evaluate the effects of miR-26a on bone resorption and formation marker expression. Diabetic mice had remarkably increased the C-telopeptide fragments of type I collagen (CTX) level ([Figure 4](#fig4){ref-type="fig"}A) and decreased the OCN level ([Figure 4](#fig4){ref-type="fig"}B) and osterix level ([Figure 4](#fig4){ref-type="fig"}C) when compared to normal mice. miR-26a significantly decreased the CTX level and increased the OCN and osterix levels. Diabetic mice had remarkably decreased mRNA levels of osteoblast marker osteoprotegerin (OPG) ([Figure 4](#fig4){ref-type="fig"}D) and receptor activator of nuclear factor κΒ ligand (RANKL) ([Figure 4](#fig4){ref-type="fig"}E), whereas it had a remarkably increased the level of osteoclast marker tartrate-resistant acid phosphatase (TRAP) ([Figure 4](#fig4){ref-type="fig"}F) and Wnt antagonist sclerostin (Sost) ([Figure 4](#fig4){ref-type="fig"}G) and dickkopf-related protein 1 (Dkk1) ([Figure 4](#fig4){ref-type="fig"}H). In contrast, the OPG and RANKL mRNA levels were significantly increased in miR-26a-treated diabetic mice, whereas the mRNA levels of TRAP, Sost, and Dkk1 were significantly decreased in miR-26a-treated diabetic mice.Figure 4Effect of miR-26a Mimics on Bone Resorption and Formation Markers and Bone Gene Expression Induced by STZ(A) C-telopeptide fragments of type I collagen (CTX) and (B) osteocalcin (OCN) measured at the end of the study in serum and plasma, respectively. (C--H) Expression of the osteoblast marker osterix (C) and the cytokines OPG (D) and RANKL (E), the osteoclast marker TRAP (F), and the Wnt/β-catenin antagonists, Sost (G) and Dkk1 (H), in tibia. Data are shown as mean ± SD. n = 8 mice, ∗∗p \< 0.01 compared with STZ group.

miR-26a Affected the Insulin Signaling Pathway in Diabetic Mice {#sec2.5}
---------------------------------------------------------------

Next, we evaluated whether miR-26a affected the insulin signaling pathway in bones. We injected insulin through the tail vein and tested the activation of the insulin signaling pathway. As shown in [Figure 5](#fig5){ref-type="fig"}A, injection of insulin in normal mice resulted in obviously increased phosphorylation of the insulin receptor and protein kinase B (AKT). In contrast, diabetic mice had less phosphorylation of the insulin receptor and AKT than normal mice after insulin injection. Administration of miR-26a in diabetic mice resulted in increased phosphorylation of both insulin receptor and AKT, indicating that miR-26a promoted an insulin signaling pathway. In addition, diabetic mice had less of an amount of total insulin receptors compared to normal mice, whereas miR-26a increased the total insulin receptor level. After quantitation, we detected that miR-26a significantly enhanced the phosphorylation of the insulin receptor ([Figure 5](#fig5){ref-type="fig"}B), total insulin receptor level ([Figure 5](#fig5){ref-type="fig"}C), and phosphorylation of AKT ([Figure 5](#fig5){ref-type="fig"}D).Figure 5Effect of miR-26a Mimics on Insulin Signaling Induced by STZ(A) Western blot analysis of the phosphorylation levels of INSR and AKT in bones. (B--D) Relative protein levels compared with the control (Ctrl) group. Data are shown as mean ± SD. n = 8 mice, ∗∗p \< 0.01 compared with STZ group.

Compromising Insulin Signaling in Osteoblasts Abolished the Effects of miR-26a on Insulin Resistance and Glucose Tolerance in Diabetic Mice {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------------------

As miR-26a affected the insulin signaling pathway in bones, we next asked whether the effects of miR-26a on insulin resistance and glucose tolerance depended on the insulin signaling pathway in osteoblasts. Therefore, mice lacking one allele of *Insr* in osteoblasts (Col1a1-Insr^+/--^ mice) were used.[@bib7] As shown in [Figure 6](#fig6){ref-type="fig"}, miR-26a significantly increased body weight ([Figure 6](#fig6){ref-type="fig"}A) and decreased glucose level ([Figure 6](#fig6){ref-type="fig"}B) in diabetic control Insr^fl/+^ mice. In contrast, diabetic Col1a1-Insr^+/--^ mice had higher body weight and glucose levels when compared to diabetic control Insr^fl/+^ mice. In addition, the administration of miR-26a affected neither body weight nor blood glucose level of diabetic Col1a1-Insr^+/--^ mice. With the use of the GTT, miR-26a-treated diabetic control Insr^fl/+^ mice had better glucose tolerance than untreated diabetic control Insr^fl/+^ mice ([Figure 6](#fig6){ref-type="fig"}C). Diabetic Col1a1-Insr^+/--^ mice had worse glucose tolerance than diabetic control Insr^fl/+^ mice, and miR-26a treatment did not affect glucose tolerance in diabetic Col1a1-Insr^+/--^ mice. Similarly, miR-26a decreased the blood insulin level in diabetic control Insr^fl/+^ mice, whereas it did not affect the blood insulin level in diabetic Col1a1-Insr^+/--^ mice ([Figure 6](#fig6){ref-type="fig"}D). In the ITT, miR-26a improved insulin sensitivity in diabetic control Insr^fl/+^ mice. Diabetic Col1a1-Insr^+/--^ mice had worse insulin sensitivity than diabetic control Insr^fl/+^ mice, and miR-26a treatment did not affect insulin sensitivity in diabetic Col1a1-Insr^+/--^ mice ([Figure 6](#fig6){ref-type="fig"}E).Figure 6Effect of miR-26a Mimics on Insulin Resistance and Glucose Tolerance Was Blocked in Col1a1-Insr^+/−^ STZ Mice(A) Total body weight, (B) blood glucose, (C) GTT, (D) blood insulin, and (E) ITT performed after 18 weeks of STZ. Data are shown as mean ± SD. n = 8 mice. ∗∗p \< 0.01. NS, no significance.

Compromising Insulin Signaling in Osteoblasts Abolished the Effects of miR-26a on Bone Microarchitecture and Bone Thickness in Diabetic Mice {#sec2.7}
--------------------------------------------------------------------------------------------------------------------------------------------

We continued to evaluate whether the effects of miR-26a on bone health depended on the insulin signaling pathway in osteoblasts. miR-26a significantly increased the BV/TV ([Figure 7](#fig7){ref-type="fig"}A), Tb.N ([Figure 7](#fig7){ref-type="fig"}B), Tb.Th ([Figure 7](#fig7){ref-type="fig"}C), Ct.Th ([Figure 7](#fig7){ref-type="fig"}E), and Ct.Ar ([Figure 7](#fig7){ref-type="fig"}F), whereas it significantly decreased the Tb.Sp ([Figure 7](#fig7){ref-type="fig"}D) in diabetic control Insr^fl/+^ mice. Diabetic Col1a1-Insr^+/--^ mice have less BV/TV, Tb.N, Tb.Th, Ct.Th, and Ct.Ar, whereas they had more Tb.Sp than diabetic control Insr^fl/+^ mice. Moreover, miR-26a did not affect BV/TV, Tb.N, Tb.Th, Ct.Th, Tb.Sp, and Ct.Ar in diabetic Col1a1-Insr^+/--^ mice. Taken together, our data demonstrated that miR-26a affected bone microarchitecture and bone thickness depending on insulin signaling in osteoblasts.Figure 7Effect of miR-26a Mimics on Trabecular Bone Microarchitecture in Distal Femora and Cortical Bone Thickness Was Blocked in Col1a1-Insr^+/−^ STZ Mice(A) Bone volume per tissue volume (BV/TV), (B) trabecular number (Tb.N), (C) trabecular thickness (Tb.Th), (D) trabecular separation (Tb.Sp), (E) cortical thickness (Ct.Th), and (F) cortical area (Ct.Ar). Data are shown as mean ± SD. n = 8 mice. ∗∗p \< 0.01. NS, no significance.

Discussion {#sec3}
==========

DM is a prevalent disease causing a significant economic burden. There are also several comorbidities associated with DM, including stroke, artery disease, and neuropathy. In addition, diabetes also affects bone health regarding bone strength, bone turnover, bone mineral density, and bone structure. Prevention of these disabling complications has attracted more and more attention. In the current study, we evaluated the protective effects of miR-26a, a microRNA that has been shown to protect against diabetes, on bone health in a STZ-induced diabetic animal. We demonstrated that miR-26a not only ameliorated glucose and insulin levels but also improved bone microarchitecture and bone thickness in diabetic mice. miR-26a promoted osteoblasts and bone formation, whereas it prevented osteoclast differentiation. Furthermore, we demonstrated that miR-26a enhanced the insulin signaling pathway in bones. The insulin pathway in the osteoblast plays an essential role in miR-26a-mediated protection in diabetes and bone health, as a compromise of insulin signaling in osteoblasts abolished these effects.

OBs play essential roles in bone formation, including synthesizing collagen, mineralizing osteoid, and participating in bone remodeling. The effects of diabetes on OBs have been extensively described. In STZ-induced diabetic mice, the Wnt/β-catenin pathway, which is essential for osteoblast differentiation and bone formation, was downregulated.[@bib11] The downregulation of the Wnt/β-catenin pathway was partially caused by the upregulation of the Wnt signaling inhibitor Sost and Dkk1.[@bib11] We also identified the upregulated expression of Sost and Dkk1 in diabetic mice. The miR-26a prevented the upregulation of Sost and Dkk1, suggesting that miR-26a promoted osteoblast differentiation and bone formation.

It has been reported that serum levels of CTX, a marker of bone resorption, and osteocalcin, a marker of bone formation, were lower in patients with diabetes when compared to healthy people, indicating impaired bone turnover in patients with diabetes.[@bib12] In the current study, we also identified the lower levels of CTX and osteocalcin in diabetic mice. miR-26a treatment increased the serum levels of both CTX and osteocalcin in diabetic mice, indicating that miR-26a promoted bone turnover. RANKL binds to RANK in preosteoclasts and promotes osteoclast differentiation.[@bib13]^,^[@bib14] OPG, a negative regulator of osteoclastogenesis, has been shown to be downregulated in STZ-induced diabetes in mice. In contrast, RANKL mRNA levels are increased in studies of STZ-induced diabetes. The dysregulated expression of these factors was ameliorated by miR-26a. miR-26a significantly increased the OPG but decreased RANKL expression in diabetic mice. Taken together, our findings demonstrated that miR-26a promoted osteoblast differentiation, inhibited osteoclast formation, and promoted bone formation, which contributed to enhanced bone health in diabetic mice.

The activities of miR-26a in the regulation of insulin sensitivity and glucose metabolism have been described.[@bib7] Fu and colleagues[@bib7] demonstrated that miR-26a directly targeted key regulators involved in insulin signaling, including protein kinase C (PKC)δ, PKCθ, and glycogen synthase kinase (GSK)3β. Insulin resistance condition activated PKCδ, PKCθ, and GSK3β, resulting in phosphorylation of insulin receptor substrate (IRS) proteins and attenuating insulin signaling.[@bib15], [@bib16], [@bib17] miR-26a directly repressed PKCδ, PKCθ, and GSK3β expression, which contributed to the positive role of miR-26a in insulin signaling. The binding of insulin to its receptor triggered phosphorylation of the receptor and finally resulted in AKT phosphorylation.[@bib18] Our current study also identified that miR-26a treatment promoted insulin signaling by increasing the phosphorylation of both insulin receptor and Akt. The insulin pathway played important roles in metabolic and mitogenic effects in many cell types, including osteoblasts. Insulin signaling regulated both bone formation by osteoblasts and bone resorption by osteoclasts, mainly through the insulin signaling pathway within osteoblasts.[@bib19] Insulin signaling within an osteoblast has been shown to influence osteoblast proliferation, differentiation, and survival. Defective insulin signaling in osteoblast would result in impaired bone quantity and quality, as well as abnormal glucose metabolism. We also demonstrated that defective insulin signaling by compromising insulin receptors in the osteoblast also abolished the effects of miR-26a on the diabetic symptom and bone health in diabetic mice. Our results strongly suggested the essential role of the insulin signaling pathway within osteoblast in diabetes, indicating the osteoblast could function as a target for diabetes.

It is important to determine the limitations of this study. First, the present study only focuses on the effect of miR-26a on the indicated signaling pathways, whereas whether some other signaling pathways would be affected by miR-26a is still unknown. Second, the targeting genes of miR-26a were still not examined, and whether miR-26a has any off-target effects is also unknown. Third, the effect of miR-26a on diabetes should be verified using clinical samples.

Conclusions {#sec3.1}
-----------

miR-26a ameliorated insulin resistance and enhanced bone quality, which depended on insulin receptor/signaling in osteoblast.

Materials and Methods {#sec4}
=====================

Mice Treatment {#sec4.1}
--------------

Male C57BL/6 mice, 12 weeks of age, were purchased from Charles River (Beijing, China) and received a standard rodent diet and water al libitum. To induce type I diabetes, mice were injected STZ (45 mg/kg) in 50 mM citrate buffer (pH 4.5) daily for 5 days, as described previously.[@bib20] Mice injected with citrate buffer alone were used as control. 18 days post-first STZ injection, the blood glucose concentration was measured to confirm the induction of diabetes using a portable glucose meter (Abbot Laboratories, Alameda, CA, USA). Mice with a nonfasting blood glucose level higher than 250 mg/dL were used as diabetic mice. *Col1a1-Insr*^*+/--*^ mice were generated as described previously.[@bib21] All animal studies were approved by the Ethical Committee in Shanghai Jiao Tong University Affiliated Sixth People's Hospital. In some experiments, mice were injected with control miRNA or miR-26a mimics (0.1 mg/kg, once a day, for 8 weeks) via the tail vein.

Metabolic Measurements {#sec4.2}
----------------------

Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Elk Grove Village, IL, USA) was used to measure the serum insulin levels. Blood glucose levels were measured using a portable glucose meter (Abbot Laboratories, USA). In the glucose tolerance test, after fasting for 16 h, mice were injected intraperitoneally with 2 g/kg D-glucose. For the insulin tolerance test, mice were fasted for 6 h and then injected intraperitoneally with 1 U/kg human insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA).

Bone Histology and Histomorphometry {#sec4.3}
-----------------------------------

The vertebrae site of L3 and L4 was used for bone histology and histomorphometry analysis as described previously.[@bib22] The Osteomeasure System (OsteoMetrics, Atlanta, GA, USA) and ImageJ were used to perform histomorphometry. Mineralized bone volume over the total tissue volume, osteoclast surface per bone surface, and bone formation rate per bone surface were measured as described previously.[@bib23]

Microcomputed Tomography (μCT) Analysis {#sec4.4}
---------------------------------------

The trabecular and cortical bone architecture of proximal femurs was assessed using a μCT system (VivaCT 40; SCANCO Medical AG). Trabecular bone volume, cortical bone volume, and midshaft thickness were analyzed using the standard software provided by the manufacturer of the μCT scanner.

Western Blot {#sec4.5}
------------

Total proteins from bones were isolated using Minute Total Protein Extraction Kit for Bone Tissue (Invent Biotech, Beijing, China) and then loaded on an SDS-PAGE gel. After transfer to a polyvinylidene fluoride (PVDF) membrane, the membranes were blocked in 5% non-fat milk at room temperature for 1 h. The primary antibodies, including anti-phospho-insulin receptor antibody (Sigma, St. Louis, MO, USA), anti-insulin receptor antibody (Sigma, USA), anti-phospho-Akt antibody (Sigma, USA), anti-Akt antibody (Sigma, USA), and anti-β-actin (Sigma, USA), were added to the membranes for overnight at 4°C. The next day, membranes were washed with 0.1% Tris-buffered saline-Tween 20 (TBST), 3 times, and then incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. Immunoreactive proteins were detected by using the ECL (enhanced chemiluminescence) Western Blotting Substrate Kit (Abcam, Cambridge, MA, USA). The density was quantitated using ImageJ.

RT-PCR {#sec4.6}
------

The RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) was used to extract total RNA from bones following the manufacturer's instructions. Then a reverse transcription kit (Takara, Tokyo, Japan) was used to reverse transcribe the isolated RNA. The QuantiTect SYBR Green RT-PCR Kit (QIAGEN, USA) was used to perform real-time PCR on a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control for relative expression normalization. The following primers for RT-PCR were purchased from GeneCopoeia (RiboBio, Guangzhou, China): RANKL: 5′-CACACCTCACCATCAATGCTGC-3′ (forward), 5′-GAAGGGTTGGACACCTGAATGC-3′ (reverse); OPG: 5′-TGCTCCTGGCACCTACCTAA-3′ (forward), 5′-TCACCTGAGAAGAACCCATCC-3′ (reverse); Sost: 5′-TGCCGCGAGCTGCACTACAC-3′ (forward), 5′-CACCACTTCACGCGCCCGAT-3′ (reverse); TRAP: 5′-TCCTGGCTCAAAAAGCAGTT-3′ (forward), 5′-ACATAGCCCACACCGTTCTC-3′ (reverse); Dkk1: 5′-TCACACCAAAGGACAAGAAGG-3′ (forward), 5′-CTTGGACCAGAAGTGTCTTGC-3′ (reverse); osterix: 5′-ATGGCGTCCTCTCTGCTTG-3′ (forward), 5′-TGAAAGGTCAGCGTATGGCTT-3′ (reverse); GAPDH: 5′-AGGTCGGTGTGAACGGATTTG-3′(forward), 5′-TGTAGACCATGTAGTTGAGGTCA-3′ (reverse).

ELISA {#sec4.7}
-----

The CTX-I Assay Kit (Chondrex, Redmond, WA, USA) was used to measure the serum level of CTX. The Serum level of OCN was measured by using the Mouse Osteocalcin ELISA Kit (Novus Biologicals, Centennial, CO, USA).

Statistical Analysis {#sec4.8}
--------------------

All data were presented as mean ± SD. Data were analyzed by one- or two-way ANOVA analysis, followed with a Bonferroni post hoc test. Statistical difference was considered significant when p \< 0.05.
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